A new amperometric biosensor for ethanol monitoring has been developed and optimised. The biosensor uses poly(neutral red) (PNR), as redox mediator, which is electropolymerised on carbon film electrodes and alcohol oxidase (AlcOx) from Hansenula polymorpha as recognition element, immobilised by cross-linking with glutaraldehyde (GA) in the presence of bovine serum albumin (BSA) as carrier protein. Optimisation of variables affecting the system was performed and, for chronoamperometric measurements, a potential of −0.300 V versus saturated calomel electrode was chosen in 0.1 M sodium phosphate buffer saline at pH 7.5. The optimised biosensor showed a good sensitivity of 171.8 ± 14.8 nA mM −1 and the corresponding detection limit (signal-to-noise-ratio = 3) of 29.7 ± 1.5 M. Stability studies showed a good preservation of the bioanalytical properties of the sensor, 57.6% of its initial sensitivity remaining after 3 weeks (the sensor was used two to three times per week). No significant interferences were found from compounds usually present in wine. The biosensor was used for the determination of ethanol in Portuguese red and white wines.
Introduction
The determination of ethanol is important in food technology, fermentation and wine industries as well as in clinical chemistry: blood, serum and urine analysis. It is thus of much interest to develop fast and accurate procedures for ethanol determination. A variety of methods and strategies for the determination of this analyte has been reported, including gas chromatography [1] , liquid chromatography with biosensor detection [2] , refractometry [3] and spectrophotometry, both based on NADH detection. These methods, routinely used in industry, are slow, relatively expensive and need well-trained operators. Biosensors are versatile analytical tools, offering an attractive alternative for ethanol determination. For this purpose, a large variety of different biosensors have been proposed, using mainly alcohol oxidase (AlcOx) [4] [5] [6] , NAD + -dependent alcohol dehydrogenase (AlcDh) [7] [8] [9] or PQQ-containing alcohol dehydrogenase [10] . * Corresponding author. Tel.: +351 239 835295; fax: +351 239 835295.
E-mail address: brett@ci.uc.pt (C.M.A. Brett).
Alcohol oxidase is the key enzyme for methanol metabolism in metylotrophic yeast species, including Pichia pastoris, Hansenula polymorpha and Candida boidinii. The enzyme catalyses the first step of methanol catabolism, namely its oxidation to formaldehyde with concomitant production of hydrogen peroxide. In vivo, the protein is compartmentalized into special cell organelles, termed peroxisomes [11] . It is a homooctameric flavoprotein consisting of eight identical subunits, each containing flavin adenine dinucleotide (FAD) as a prosthetic group [12] . Considering this, alcohol oxidase-based biosensors have an advantage when compared with those that use alcohol dehydrogenase as biorecognition element, because the latter need the cofactor to be added to the sample or to be immobilised on the sensor surface. Since AlcOx enzyme enzymatically converts all primary alcohols and formaldehyde [13] it exhibits a lack of selectivity to ethanol. However, this should not be a problem in the use of such a biosensor for analysis of ethanol in natural samples such as wine, since ethanol is present in much higher concentrations. The main problem of AlcOx-based biosensors is their limited stability. For this reason, Gibson et al. conducted several stabilisation studies of AlcOx in the dry state using a combination of polyelectrolytes and sugar derivatives [14] [15] [16] .
In this work the development of a novel AlcOx biosensor based on carbon film electrodes made from electrical resistors is reported [17] , these electrodes having been previously characterized for use in electroanalysis [18, 19] . In previous work, carbon film electrodes were used as substrates for various biosensor assembly constructions, using as redox mediators ferrocene, hexacyanoferrates and polymerized phenazine dyes [20] [21] [22] [23] [24] [25] [26] [27] . In the latter case, the biosensor assembly was prepared by immobilising the enzyme by cross-linking with glutaraldehyde in the presence of bovine serum albumin on the top of poly(neutral red) (PNR) modified carbon film electrodes. Neutral red was found to be a convenient artificial enzyme substrate and has been recently used as a starting material for the preparation of electropolymerised films of PNR that can function as redox mediators in biosensors [20] . The chemical structure of NR, with an amino functionality located on heteroaromatic phenazine ring, makes it amenable to electropolymerisation. The monomer can be polymerized from neutral aqueous solutions producing stable redox-active layers [28, 29] . The main advantage of this new biosensor is the fact that PNR can mediate the enzymatic reaction catalyzed by AlcOx, since a lot of previous attempts to mediate this enzyme have failed [5] [6] [7] [8] .
It is well known that AlcOx is incompatible with most freediffusing mediators, which makes it extremely difficult to design electron-transfer pathways between the redox active centre of the enzyme (the enzymatic cofactor) and the electrode, at low potentials. In addition, the active site of the enzyme is deeply buried within the octameric protein shell, preventing any direct electron transfer in the absence of a suitable redox mediator [30] .
Optimisation of experimental conditions has been carried out and the analytical parameters for the determination of ethanol determined for several biosensor assemblies, which contain different amounts of immobilised enzyme. The operational and storage stability of the biosensor were also evaluated.
Experimental

Reagents
Alcohol oxidase (AlcOx, EC 1.1.3.13, 7.7 units/mg solid extracted from methylotrophic yeast Hansenula sp.), glutaraldehyde (GA) 25% (v/v), bovine serum albumin (BSA), l-ascorbic acid and dl-lactic acid were from Sigma, Germany. Ethanol, methanol, 2-propanol, dl-malic acid and citric acid monohydrate were obtained from Merck, Germany. Neutral red (65% dye content) and sodium phosphate monobasic monohydrate were from Sigma-Aldrich, Germany. Di-sodium hydrogenphosphate-2-hydrate, potassium hydrogenphosphate, sodium chloride and acetic acid were from Riedel-de Haën, Germany. Di-potassium hydrogenphosphate-3-hydrate was from Panreac, Spain. Potassium chloride and oxalic acid was from Fluka, Switzerland and tartaric acid was from JMUP, Portugal.
For electrochemical experiments, the supporting electrolyte was sodium phosphate buffer saline (NaPBS) (0.1 M phosphate buffer + 0.05 M NaCl and pH 6.0, 6.5, 7.0, 7.5 and 8.0). Polymerisation of neutral red was carried out in an electrolyte composed of 0.025 M potassium phosphate buffer solution and 0.1 M KNO 3 (pH 5.5).
Millipore Milli-Q nanopure water (resistivity > 18 M cm) was used for preparation of all solutions. Experiments were performed at room temperature (25 ± 1 • C).
Apparatus
Batch experiments were performed in a three-electrode electrochemical cell of volume 10 cm 3 , containing the enzyme modified carbon film resistor as working electrode, a platinum foil counter electrode and a saturated calomel electrode (SCE) as reference.
All electrochemical measurements were performed using a computer-controlled -Autolab Type II potentiostatgalvanostat running with general purpose electrochemical system (GPES) for Windows Version 4.9 software (EcoChemie, Utrecht, The Netherlands).
The pH measurements were carried out with a CRISON 2001 micro-pH meter at room temperature.
Electrode and mediator film preparation
Carbon film cylindrical electrodes were made from carbon film electrical resistors (2 resistance) of length 6 mm and diameter 1.5 mm, as described elsewhere [18] . The exposed geometric area was ∼0.20 cm 2 . Before use, the electrodes were electrochemically pre-treated by cycling the potential between 0.0 V and +1.0 V versus SCE in 0.025 M potassium phosphate buffer solution, pH 5.5, in order to decrease the background currents and to increase the potential window.
The preparation of poly(neutral red) films was carried out by cyclic voltammetry from a solution containing 1 mM monomer dye in 0.025 M KPB + 0.1 M KNO 3 , pH 5.5. The potential was cycled from −1.0 to 1.0 V versus SCE at a scan rate of 50 mV s −1 for 15 cycles [24] [25] [26] .
Alcohol oxidase was immobilised using cross-linking with glutaraldehyde (GA). Three different enzyme solutions were prepared, by mixing the enzyme together with BSA in 0.1 M NaPBS, pH 7.0 and the concentrations were: 1% AlcOx + 4% BSA, 3% AlcOx + 4% BSA and 5% AlcOx + 10% BSA. A volume of 10 l of enzyme solution was then mixed with 5 l GA (2.5%, v/v diluted in water). Of this mixture, 10 l was dropped onto the electrode surface and left to dry at room temperature during 1 h.
All biosensors were tested in a batch cell. Amperometric measurements were performed at fixed potential, after stabilisation of the current baseline, with injection of alcohol into 0.1 M NaPBS solution in which the biosensor was immersed. Experiments were done under continuous stirring conditions.
Results and discussion
Optimisation of the PNR/AlcOx biosensor
The optimisation of variables affecting the AlcOx-based biosensor system, prepared as described in Section 2, was per- formed with respect to applied potential and with respect to buffer pH.
The effect of applied potential on the amperometric response of the PNR/AlcOx modified electrode as a function of alcohol concentration was studied using an enzyme solution containing 5% AlcOx and 10% BSA for biosensor construction. Experiments were done by injection of 0.40 mM ethanol after baseline stabilisation for each applied potential. The results obtained are presented in Fig. 1 and show that at, all applied potentials, oxidation processes occur at the electrode. This can be explained by a direct electronic communication between PNR and the enzyme cofactor, flavine adenine dinucleotide, so that the reduced form of the redox active prosthetic group of the AlcOx (FADH 2 ), which is formed during the enzymatic oxidation of ethanol, is then reoxidized at the PNR film. In this way, at the electrode, the PNR mediator will be oxidized and the registered biosensor response is an anodic change in current. The proposed mechanism is presented in Scheme 1a. At −0.45 V and −0.40 V versus SCE, potentials closer to the formal potential of the FAD/FADH 2 couple (E 0 FAD/FADH 2 ∼ = −0.45 V vs. SCE), the biosensor response is much higher when compared with that recorded at more positive applied potentials. At these potentials, it is clear that the energetics of the redox processes is facilitated. Nevertheless, a potential of −0.30 V was selected as working potential for subsequent studies with the aim of minimising possible interferences.
In order to prove that PNR acts as electron acceptor from FADH 2 , chronoamperometry was performed at a PNR/AlcOx biosensor at −0.3 V versus SCE, in deoxygenated buffer with injection of deoxygenated ethanol solution, after the same biosensor had been previously tested in the presence of oxygen. The biosensor characteristics were compared, and in the absence of oxygen the biosensor sensitivity increased by 21. detection. By eliminating the dependence on the presence of O 2 , the enzymatic reaction is facilitated which improves the sensor performance. As already reported [27] , we assume that, in the presence of dissolved oxygen, there is a competition between the oxidation of FADH 2 and hydrogen peroxide reduction at the mediator film, see Scheme 1a and b. Thus, the increase of the biosensor response in the absence of dissolved oxygen, which is an anodic change in current, is explained by the absence of the competing reduction reaction of H 2 O 2 , since, presumably, in the absence of O 2 , no H 2 O 2 is formed.
A study of the influence of the pH of the 0.1 M NaPBS on biosensor response was performed at −0.30 V versus SCE. The buffer solution pH values were chosen in the range of 6-8, since it is known that the pH of AlcOx extracted from Hansenula sp. is 5.5-8.5 [31] . The results show an increase in the analytical signal up to pH 7.5, above which the signal decreases (Fig. 2) . Also, previous studies have shown that the highest enzyme activities and stabilities are achieved at physiological pH values [16] .
In order to find the optimal amount of enzyme within the biosensor membrane, placed on top of the PNR film, three different enzyme solutions were used to construct the biosensor, containing AlcOx in the concentrations at 1, 3 and 5%, as mentioned in Section 2. These biosensors were then used for the amperometric determination of ethanol under the previously optimised conditions. Calibration curves are presented in Fig. 3 and analytical data obtained from analysis of the curves are given in Table 1 . The sensitivity continuously increased with increase in enzyme concentration, by a factor of 5.4 when the enzyme concentration is increased from 1% to 5%. However, at the same time, the linear range becomes smaller with an increase in enzyme concentration and the limit of detection changes from 26 M to 44 M (calculated as three times the signal-to-noise ratio). Apparent Michaelis-Menten constants were calculated from Lineweaver-Burk plots. Since the biosensor constructed by using 5% enzyme solution showed a much higher sensitivity, it was chosen for performing further experiments.
A comparison of the analytical performances of the AlcOx biosensor assembly (1% enzyme concentration), with and without PNR mediator, was done, see Fig. 3 . It was observed that using PNR as mediator, the sensitivity increases significantly by a factor of nearly 5. Additionally, the linear range was extended from 0.4 mM to 0.6 mM, and the limit of detection decreased from 45 M to 26 M.
Analytical properties of the PNR/AlcOx biosensor
Reproducibility of the sensor
In order to examine the reproducibility of the biosensor, the amperometric response to ethanol at three different PNR/AlcOx modified electrodes was recorded under the same experimental conditions. The biosensors showed a linear range up to 0.7 ± 0.1 mM (R.S.D. = 4.3%) and the corresponding detection limit (signal-to-noise-ratio = 3) was 29.7 ± 1.5 M with a R.S.D. of 5.2% (n = 3). The biosensor sensitivity was 171.8 ± 14.8 nA mM −1 , and a R.S.D. of 8.6% was obtained. The initial biosensor sensitivity is usually lower when compared with other reported AlcOx-based biosensors [32] [33] [34] ; nevertheless, stability studies demonstrated a very small decrease of this initial sensitivity value, as will be shown. Most biosensor assemblies based on AlcOx consist in bi-enzyme architectures where, together with the AlcOx, a peroxidase is used for hydrogen peroxide detection at low operating potentials. Redox hydrogels are commonly used for this type of biosensor construction, but since this procedure implies manual mixing of both enzymes together with the cross-linker, problems may appear in the optimisation procedure and reproducibility of these one-layer bi-enzyme biosensors [35, 36] . The advantages of this newly developed biosensor assembly consist in the simplicity in the construction procedure and good reproducibility (see the analytical parameters above).
Another advantage of these new AlcOx-based biosensors is that they can be used for online measurements in a specially Table 1 Analytical data obtained from ethanol calibration curves at AlcOx-based biosensors Table 2 Analytical data obtained from calibration curves at AlcOx-based biosensors (5% enzyme concentration) for three different alcohols; experimental conditions as in designed cylindrical flow cell, already used for the determination of glucose in flow analysis [26] . Thus, the sensors showed a sufficiently good, reproducible behaviour and can be used for measurements of ethanol. Kinetic studies of the immobilised enzyme were also carried out. The apparent Michaelis-Menten constant was calculated from the Lineweaver-Burk plots and the value obtained was 1.96 ± 0.12 mM (R.S.D. = 5.7% and n = 3).
Selectivity of the sensor
Similar experiments were carried out for two other short chain aliphatic alcohols: methanol and 1-propanol and the analytical parameters obtained were compared. Table 2 summarizes the analytical parameters calculated from the calibration curves recorded for each alcohol. As expected, see [8] , on increasing the length of aliphatic alcohol chain, the sensitivity of the biosensor decreases while the apparent Michaelis-Menten constant increases.
Stability of the sensor
The PNR/AlcOx biosensor was stored in 0.1 M NaPBS buffer pH 7.0, at 4 • C when not in use. In order to check the storage stability, a chronoamperogram of the sensor was registered after 6 weeks of storage in the above-mentioned buffer. The sensitivity of the sensor decreased only by about 12% from the initial value after 6 weeks, which means that the enzyme layer is well attached on the PNR modified electrode.
The operational stability of the enzyme electrode was also tested. For this purpose, calibration curves were recorded three times per week: results are shown in Fig. 4 . After 2 weeks of use, biosensor sensitivity decreases by only 0.8% in the case of one biosensor and by 33.8% in the case of the other tested biosensor. However, after 50 days of repeated use the sensitivity continues to decrease, maintaining 21.2% and 5.4%, respectively of the initial sensitivity. This is very promising achievement with respect to the stability of the sensor, since it is well known from previous studies that AlcOx has a poor long-term stability which was the main disadvantage of previous biosensors [6, 8, 32] . 
Interferences
There are many easily oxidizable species present in natural samples, the most important of which are ascorbic and tartaric acids, in the case of wine. Since the purpose of this work was to use the biosensors for ethanol determination in wine, a study of interferences from compounds usually present in wine was needed. Several acids were examined as possible interferents that may affect ethanol determination in wine. The high level of selectivity towards common interferences provides the possibility to use this device in clinical, environmental and food control. The results obtained are presented in Table 3 . At the PNR/AlcOx biosensor, at −0.3 V versus SCE, quite small anodic currents were registered due to the oxidation of lactic acid and oxalic acid. The other acids are reduced at the electrode, but also small currents were recorded, even in the case of ascorbic and tartaric acids, in the presence of which the biosensor response to ethanol decreases by 3.5% and 3.3%, respectively at a 2:1 ratio of interferent:ethanol.
Ethanol analysis in natural samples
The performance of the biosensor for practical applications in the analysis of natural samples was demonstrated by performing the determination of the alcohol content in red and white wines, estimated in terms of ethanol concentration. The samples, as described in Section 2, required only a simple dilution step, in order to fit the linear range of the calibration curve.
The alcohol content of three types of wine was measured and is displayed in Table 4 . The biosensor accuracy was assessed by comparison with the results given by the wine producers.
Conclusions
Alcohol oxidase from Hansenula sp. has been immobilised by cross-linking with glutaraldehyde in the presence of bovine serum albumin on PNR modified carbon film electrodes. After optimisation of experimental parameters, the biosensor has a detection limit of 30 M and a sensitivity of 172 nA mM −1 . The reproducibility is good as well as the operational and storage stability. All these characteristics make the PNR-mediated AlcOx biosensor a good alternative to other determination methods for ethanol in clinical, industry and food analysis.
